Currently described members of Elusimicrobia, a relatively recently defined phylum, are animal-associated 14 and rely on fermentation. However, free-living Elusimicrobia have been detected in sediments, soils and 15 groundwater, raising questions regarding their metabolic capacities and evolutionary relationship to animal-16 associated species. Here, we reconstructed 94 draft-quality, non-redundant genomes from diverse animal-17 associated and natural environments.
Introduction 30
Elusimicrobia is an enigmatic bacterial phylum. The first representatives were termite gut-31 associated (M. Ohkuma and Kudo 1996) , although one 16S rRNA gene sequence was identified in a 32 contaminated aquifer (Dojka et al. 1998 ). Initially referred to as Termite Group 1 (TG1) (Hugenholtz, 33 Goebel, and Pace 1998), the phylum was renamed as Elusimicrobia after isolation of a strain from a beetle 34 human gut (see Methods). Genomes with >70% completeness and <10% contamination were clustered at 69 ≥ 99% average nucleotide identity (ANI), and 113 genomes representative of the clusters 70 were selected based on completeness and contamination metrics. Among them, 19 genomes missed many 71 ribosomal proteins and thus were excluded, resulting in a final dataset of 94 non-redundant Elusimicrobia 72 genomes of good quality (median completeness of 92%, 69 genomes were >90% completeness, Table S1 ). 73
Phylogenetic analyses based on 16 ribosomal proteins (RPs) (see Methods) confirmed that all 94 74 genomes belong to the Elusimicrobia phylum, which forms a supported monophyletic group (Figure 1A binned for 25 of the 94 genomes, and belong to lineages I (Endomicrobia), IIc, III (Elusimicrobiaceae), IV, 84 V and VI. We were not able to classify four genomes based on their 16S rRNA genes due to a lack of 85 resolution in the basal branches ( Figure S1) . In order to improve the phylogenetic tree, we added two 86 additional 16S rRNA gene sequences from genomes within the 113 clusters that were not originally chosen 87 as representative genomes. These two sequences belong to lineages IIa and IIc. Thus, the 16S rRNA gene 88 sequences investigated here span 7 of the 8 previously defined lineages (Figure S1) (Daniel P. R. 89 Herlemann, Geissinger, and Brune 2007; Geissinger et al. 2009 ). 90
All of the gut-associated genomes clustered into the two known lineages, i.e., Endomicrobia 91 (lineage I) and Elusimicrobiaceae (lineage III). The Endomicrobia lineage formed a distinct clade (n=6, 92 bootstrap: 100) that includes the three earliest described Endomicrobium genomes and a new genome from 93 the rumen of sheep (Shi et al. 2014) . Elusimicrobiaceae, which includes genomes related to Elusimicrobium 94 minutum, contains genomes from animal habitats, with the exception of one genome from palm oil mill 95 effluent. Of note, two newly reported Elusimicrobiaceae genomes in this group are from the gut 96 microbiomes of humans living in Bangladesh (Devoto et al. 2019 ) and in Tanzania (Rampelli et al. 2015) . 97 This is consistent with the recent finding that Elusimicrobia genomes are present in the gut microbiomes of 98 non-westernized populations (Pasolli et al. 2019 ). As previously suggested ), the 99 lineage III clade (n = 19) is nested within three clades comprising bacteria from groundwater environments 100 (lineages IV, V and VI, n = 38). Based on extrapolated genome sizes, Elusimicrobiaceae genomes were 101 significantly smaller than those of sibling lineages IV, V and IV (Figure S2) . The overall placement and 102 short branch lengths within the Elusimicrobiaceae raise the possibility that the Elusimicrobiaceae adapted 103 and diversified recently from ancestral groundwater genomes of lineages IV, V and VI. 104
Eleven genomes clustered into lineages IIa (n=2, bootstrap: 41) and IIc (n=9, bootstrap: 100). The 105 lack of bootstrap support does not allow us to confirm the relationship between the two lineages. None of 106 the 94 genomes were classified as lineage IIb, due to either to a true absence of genomes sequences or the 107 presence of lineage IIb genomes in the dataset that lack 16S rRNA gene sequences. Finally, the 22 108 remaining genomes defined 5 new clades (VII, VIII, IX, X and XI), of which four are basal to previously 109 reported Elusimicrobia lineages. Sixteen of these 22 genomes are from groundwater, and the other 6 110 genomes found in sediment, oil sand and peat. Protein clustering revealed lineage-specific genomic contents. 124
The availability of good quality genomes allowed us to compare their gene contents. We clustered 125 the protein sequences for all genomes to generate groups of homologous proteins (protein families) in a 126 two-step procedure (see Methods) ( Figure 2) . The objective was to compare the proteomes across the 127 genomes. Our approach is agnostic and unbiased by preconceptions about the importance of genes, and 128 allows us to cluster protein sequences with no homology within annotation databases. This resulted in 6,608 129 protein families that were present in at least three distinct genomes. We constructed an array of the genomes 130 versus the protein families, and sorted the families based on profiles of genome presence/absence. 131
Numerous protein families group together due to co-existence in multiple genomes ( We searched the Elusimicrobia genomes for nifH, nifD and nifK and identified homologues in 24 169
Elusimicrobia genomes from lineages I, IV and V. We also searched for accessory genes required for the 170 assembly of the M-and P-metallo clusters required by the nitrogenase complex. Two genomes from lineage 171 I, RIFOXYA2_FULL_50_26 and the previously reported Endomicrobium proavitum, contain both the 172 nitrogenase subunits and the accessory proteins. The NifH protein from RIFOXYA2_FULL_50_26 places 173 phylogenetically into NifH group III, and thus is plausibly associated with N2 fixation (Raymond et al. 174 2004) . 175
The other NifH proteins all belong to lineages IV and V of Elusimicrobia and place 176 phylogenetically outside of all previously described groups of NifH (Figure 3) . Instead, the NifH sequences 177 from 22 Elusimicrobia genomes form a new group that is sibling to group V (Figure 3) . Consistent with 178 the new placement, these 22 nifH-encoding genomes lack the accessory genes required for the assembly of 179 the M-and P-metallo clusters of nitrogenase. We designate these as group VI, and infer that these 180 nitrogenase-like proteins may have a distinct and perhaps previously undescribed biological role. The group 181 VI NifH proteins contain the GXGXXG consensus motif for the binding of MgATP and two Cys residues 182 (Cys 97 and Cys 132 ) that bridge the two subunits through a [Fe4S4] cluster ( Figure S3 ). However, the 183 associated nifD-and nifK-like genes are highly divergent from true nitrogenase genes (Figure 4) . 184 Importantly, they lack some conserved cysteine motifs that are involved in the attachment of the P-clusters 185 Sidow 1993). Biosynthesis of cofactor F430 involves the sirohydrochlorin precursor and biosynthesis of 196 chlorophyll involves a protoporphyrin precursor, both of which derive from uroporphyrinogen III (also a 197 building block for cobalamin). Thus, we speculate that the novel group VI Elusimicrobia NifH-like proteins 198 might also reduce a tetrapyrrole molecule. We searched the Elusimicrobia genomes for evidence of 199 uroporphyrinogen III synthesis by looking for genes encoding porphobilinogen synthase, 200 hydroxymethylbilane synthase and uroporphyrinogen synthase. These three enzymes are part of the three-201 enzymatic-step core pathway from 5-aminolevulinate to uroporphyrinogen III (Dailey et al. 2017 ). We 202 found indications of the capacity for tetrapyrroles production in 16 genomes (Table S3, Figure 4 ). In a 203 subset of genomes with the novel group IV nifH genes (five genomes of lineage IV, Table S3 ), we identified 204 the capacity to produce uroporphyrinogen III (for example, see Elusimicrobia bacterium GWA2_69_24). 205
The absence of precursor biosynthesis pathways in other genomes of Elusimicrobia predicted to have the 206 capacity to make nitrogenase clusters does not rule out an analogous function, as many bacteria scavenge 207 such molecules (e.g., cobalamin; (Rosnow et al. 2018) suggesting that the substrate of the NifH reductase is a tetrapyrrole includes the presence of two cbiA genes 224 in the genome 400_ZONE1_2014_IG3401_Elusimicrobia_69_35. The cbiA gene encodes an amidase that 225 is involved in amidation within the cobalamin pathway. Two genomes (Elusimicrobia bacterium GWC2 65 226 9 and Elusimicrobia bacterium RIFOXYA12 FULL 57 11) also encode a corrin/porphyrin methylase near 227 the nitrogenase subunits. 228
Finally, we constructed a Hidden Markov Model using the new group VI Elusimicrobia NifH 229 sequences and searched for homologous sequences in genomes from other phyla. Interestingly, we found 230 homologs of the group VI NifH in two genomes of Gracilibacteria, a phylum within the bacterial Candidate 231 Phyla Radiation (Brown et al. 2015) , and in fourteen myxococcales genomes from marine and freshwater 232 environments (Figure 3, Table S2 ). Together, these observations suggest that the enzymes likely do not 233 perform nitrogen fixation, but have an alternative function that may be related to the biosynthesis of a 234 tetrapyrrole cofactor similar to chlorophyll or F430 cofactors. 235
236
Overall metabolic potential in Elusimicrobia genomes 237 238 Groundwater-associated Elusimicrobia display substantial metabolic versatility, with the genomic 239 potential for both autotrophic and heterotrophic-based lifestyles (Figure 4) . Most of the groundwater-240 associated genomes may have the capacity for sugar fermentation to acetate, butyrate and/or ethanol, which 241 generates ATP via substrate phosphorylation (Table S3 ). We also identified a large variety of membrane-242 bound, cytoplasmic [NiFe] and [FeFe] hydrogenases ( Table S3) , some of which may be electron 243 bifurcating. Other electron bifurcating complexes, such as the transhydrogenase (NfnAB) or the Bcd/EtfAB 244 complex are also present in these genomes (Table S3) (Figure S8) . 280
Membrane-bound hydrogenases are known to oxidize reduced ferredoxin, and the presence of antiporter-281 like subunits suggests that they may be involved in ion translocation across the membrane and the 282 generation of a membrane potential (Schut et al. 2013 ). These genomes also encode hydrogenase-related 283 complexes (Ehr), the role of which is still unknown, although it has been suggested that they may interact 284 with oxidoreductases and quinones and may be involved in ion translocation across the membrane 285 Figure S9 ). This lineage IV is also 292 different in that it encodes an alternative complex III and a few genomes contain a canonical complex III 293 (cytochrome c reductase). Unlike lineage V, which has signature hydrogenases, some of these genomes 294 have a set of hydrogenases and others do not (Table S3) . 295
The genomes of some members of the groundwater and peat-associated lineages IIa, IIc, IV, V and 296 VI have nitrogen metabolic capacities that are rare in other lineages. Specifically, they encode a 297 nitrite/nitrate oxidoreductase (NXR, Figure S10 ) or nitrate reductase (Figure S10) . We also identified other 298 enzymes involved in the nitrogen cycle, such as quinol-dependent nitric-oxide reductase (qNOR, Figure  299 S9), cytochrome-c nitrite reductase (NfrAH), copper and/or ferredoxin nitrite reductase(s) (NirK and NirS) 300 (Table S3 ). In summary, across the phylum, Elusimicrobia may use oxygen or nitrogen compounds as 301 terminal electron acceptors for energy conservation. 302 
RNF-dependent acetogenesis in groundwater-associated Elusimicrobia 321
Other groundwater-associated Elusimicrobia in lineages VII, VIII, IX, X and XI lack the capacity 322 to reduce oxygen or nitrate. Instead, lineages VII, VIII and IX encode the Wood-Ljungdahl pathway (WLP) 323
for the reduction of carbon dioxide to acetyl-coenzyme A (CoA) and energy conservation (Figure 5B) . The 324 coupling of the WLP with cytochromes and quinones is often used to generate a proton potential across the 325 membrane for the generation of ATP via an ATP synthase in acetogens (Schuchmann and Müller 2016) . The Elusimicrobia phylum was previously represented by just four genomes from gut-associated 364 habitats. We expanded the genomic sampling of this phylum with new sequences, mainly from groundwater 365 environments. We predicted novel nifH-like proteins that co-occur with an extensive suite of radical SAM-366 based proteins in groundwater-associated Elusimicrobia from lineages IV and V. Based on gene context 367 and protein phylogeny, we predict that the nifH-like proteins reduce a tetrapyrrole. Given the functions of 368 related clades of genes, the nifH-like protein may synthesize a novel cofactor, but further investigations are 369 needed to determine the product and its function. 370
Our phylogenetic results suggest that gut-associated Elusimicrobia of lineages I and III evolved 371 from two distinct groups of groundwater-associated ancestors, lineages IV, V and group VII, respectively. 372
Based on extant members of groundwater groups, the ancestors of gut-associated Elusimicrobia that likely 373 had larger repertoires of metabolic capacities. The gut-associated lineages likely underwent strong genome 374 reduction following the transition from nutrient-poor (groundwater) to nutrient-rich (gut) environments. 375 Genome reduction following formation of a long-term association with another organism is generally well 376 Thirteen additional genomes were also assembled from raw data of previous studies following the methods 430 described in (Devoto et al. 2019) (Table S1) . were clustered at 97% identity using uclust, and the longest representative gene for each cluster included in 444 the phylogenetic tree. All 16S rRNA genes associated with a binned Elusimicrobia genome were added to 445 the SILVA reference set, along with an outgroup of Omnitrophica, Planctomycetes, Verrucomicrobia, and 446
Chlamydiae rRNA gene sequences from organisms with published genomes (37 outgroup sequences total). 447
The final dataset comprised 700 sequences, which were aligned together using the SILVA SINA alignment 448 algorithm. Common gaps and positions with less than 3% information were stripped from the alignment, 449 for a final alignment of 1,593 columns. A maximum likelihood phylogeny was inferred using RAxML 450 (Stamatakis 2014) version 8.2.4 as implemented on the CIPRES high performance computing cluster 451 (Miller, Pfeiffer, and Schwartz 2010) , under the GTR model of evolution and the MRE-based bootstopping 452 criterion. A total of 408 bootstrap replicates were conducted, from which 100 were randomly sampled to 453 determine support values. 454 455
Concatenated 16 ribosomal proteins phylogeny 456
A maximum-likelihood tree was calculated based on the concatenation of 16 ribosomal proteins 457 (L2, L3, L4, L5, L6, L14, L15, L16, L18, L22, L24, S3, S8, S10, S17, and S19). Homologous protein 458 sequences were aligned using Muscle (Edgar 2004) , and alignments refined to remove regions of ambiguity 459 by removing columns with less than 3% information and manually removing abberrent N and C-terminal Protein clustering into families was achieved using a two-step procedure as previously described 469 in (Méheust et al. 2018) . A first protein clustering was done using the fast and sensitive protein sequence 470 searching software MMseqs2 (version 9f493f538d28b1412a2d124614e9d6ee27a55f45) (Steinegger and 471 Söding 2017 ). An all-vs-all search was performed using e-value: 0.001, sensitivity: 7.5 and cover: 0.5. A 472 sequence similarity network was built based on the pairwise similarities and the greedy set cover algorithm 473 from MMseqs2 was performed to define protein subclusters. The resulting subclusters were defined as 474 subfamilies. In order to test for distant homology, we grouped subfamilies into protein families using an 475 HMM-HMM comparison procedure as follows: the proteins of each subfamily with at least two protein 476 members were aligned using the result2msa parameter of mmseqs2, and, from the multiple sequence 477 alignments, HMM profiles were built using the HHpred suite (version 3. 
